Abstract-Novel 5-aza-ellipticine derivatives were synthesized and tested as antitumor agents. The new compounds were prepared more readily than the analogous ellipticine derivatives, which are known to be potent anti-tumor agents Although the novel 5-azaellipticine derivatives are not as biologically active as their corresponding ellipticine analogues, the new compounds represent a new, readily accessible class of heteroaromatic catalytic inhibitors of topoisomerase II and possible anti-tumor agents.
Ellipticine (1) was first identified in 1959 as a compound in the leaves of an Australian evergreen, Ochrosia elliptica labil (Apocynaceae family). 1 Ellipticine is one of many carbazole alkaloids that exhibit biological, especially anti-tumor, activities. 2 Many synthetic variants of the natural product were made and tested for anti-tumor activity. The most likely target of ellipticine is topoisomerase II, whose inhibition results in the observed cytotoxicity. However, the low water solubility of ellipticine at physiological pH, as well as its systemic toxicity, prevents its use as a therapeutic agent. Several simple structural modifications to ellipticine derivatives gave compounds with increased toxicity (such as a methoxy substituent at the C9 position and a methyl substituent at the C11 position). 3, 4 Previously, the novel ellipticine derivative (2) was coupled to heptagastrin, which binds with high affinity to the gastrin/cholecystokinin type B receptor. 5 The hypothesis was that since CCK-B receptors are over-expressed in some gastrointestinal cancers, 6 the heptagastrin conjugate could be delivered very selectively to CCK-B positive cancer cells by receptor-mediated endocytosis. We demonstrated that heptagastrin conjugate was delivered to lysozomes in CCK-B receptor positive cells where it was processed to release the cytotoxic ellipticine derivative. Compound 2 is cytotoxic to tumor cells at low nanomolar concentrations but is relatively nonselective, while the heptagastrin conjugate, while slightly less toxic to sensitive cells, was completely selective to only those cells that expressed the CCK-B receptor. Compound 2 was synthesized in thirteen steps with an overall 7% yield. Recently, Zhang et al. 7 reported the synthesis of 5-aza analogues of ellipticines (3) via an interesting radical cyclization reaction. We wished to examine the anti-tumor properties of these novel compounds because their synthesis was more readily accomplished than the original ellipticines and because they offered the possibility of additional elaboration of the original structures.
In this study, novel 5-aza-ellipticine derivatives were synthesized, which contain a C9 methoxy substituent and a C11 methyl substituent. Consistent with known structure-activity relationships of ellipticine, many of these novel 5-aza-ellipticine derivatives inhibited the growth of HCT116 cells, with approximately the same potency as ellipticine.
The synthesis of the 1-chloro-5-aza-ellipticine (7) was accomplished in six steps with a 6.7% overall yield (Scheme 1) using a modification of the procedure developed by Zhang et al. 7, 14, 15 The precursor 4 16 was converted to the isocyanate 5 using triphosgene. 17 The radical cycloaddition of 5 with phosphorane 6 occurs at elevated temperature and is accompanied by precipitation of triphenylphosphine oxide. 18 The yield of this reaction is only 17%, but since the precursors are readily available, the final product can be prepared in quantity, in spite of the low overall yield.
Several modifications of 7 were carried out. The chlorine in position 1 was readily replaced by three amine side chains that could be utilized in conjugation reactions with peptide ligands (Scheme 2). Data from our laboratory and others suggest that the basic side chains frequently enhance the activity of intercalating drugs, probably by binding to the minor groove of DNA. [8] [9] [10] [11] We also prepared derivatives where the endocyclic nitrogen at position 5 was quaternized with a methyl group (Scheme 3). The introduction of a positive charge in the molecule improved water solubility but we also expected profound difference in the biological activity. The synthesis was accomplished by quaternization of the 1-chloro derivative. The side chains were attached directly without purification because the quaternary salt was very unstable. However, during the purification of both 11 and 12, some of the chloro compound was hydrolyzed to 13, which was also isolated. 21 It is interesting to note that hydrolysis of the chloro substituent was especially facile in compounds where the 5-position was quaternized, perhaps by enhancement of Meisenheimer complexes (Scheme 4).
Ethylation of 7 also resulted in very unstable products, but replacement of the chloro group by a polyamine side produced a stable product 14, along with the hydrolysis product 15 and the dimer 16.
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In vitro toxicity of the novel 5-aza-ellipticine derivatives was determined by the MTT assay 12 using human colon adenocarcinoma cells HCT116 and murine NIH 3T3 cells. The latter was of interest because we had previously transfected the CCK-B receptor into this cell line and showed that this line was sensitive to ellipticine derivatives. 5 The results (Table 1) indicate that some of the novel compounds were moderately active cytotoxic agents (IC 50 values in the sub-micromolar range). The 1-chloro substituted 5-aza-ellipticine derivative, 7, did not inhibit cell growth. Compounds 8 and 9 while more potent than 7, were an order of magnitude less active than the corresponding ellipticine derivative 2. Interestingly, compound 12, which has a piperizine-containing side chain, was inactive, in contrast to other agents where that structural feature enhanced activity. The 5-aza ellipticine derivative with the 5-ethyl substituent, 14, had an order of magnitude greater potency than the derivative with the 5-methyl substituent 11. In contrast, the 5-methyl derivative, 13, was an order of magnitude more toxic than the 5-ethyl derivative, 15. The one dimer tested, 16, has approximately the same potency as the monomer 8. These data suggest that appropriately substituted 5-aza-ellipticine derivatives may produce molecules with interesting anti-tumor properties (Fig. 1) .
Ellipticine 1 is known to be an inhibitor of topoisomerase II (topoII). 13 We therefore tested the ability of 8, an active derivative of the 5-aza-ellipticine series, to inhibit the de-catenation of catenated kinetoplast DNA (kDNA) by topoisomerase II. Topoisomerase II-mediated kDNA de-catenation assays were performed using the the manufacturer's recommended procedure (TopoGen, Inc., Port Orange, FL). The de-catenation reaction requires a double strand break and re-ligation, a hallmark of topoisomerase II. Ellipticine 1 was chosen as a positive control. The data in Figure 2 indicate that ellipticine 1 as well as the 5-azaellipticine derivative 8 are potent catalytic inhibitors of the enzyme.
It is interesting to note that while 1 and 8 were about equally potent against HCT116 colon cancer cells in vitro, compound 8 is actually a more potent catalytic inhibitor of topoisomerase II.
In conclusion, 5-aza-ellipticine derivatives are readily available compounds that have some interesting anti-tumor properties. Although the currently available derivatives are not as active as the corresponding ellipticines, this new heteroaromatic class of compounds should continue to be examined because of the strong indication of anti-tumor activity and some clear advantages (ease of synthesis and possibly better PK/PD properties) over other polycyclic heteroaromatic anti-tumor agents. It is likely that different substitution pattern on the basic 5-aza-ellipticine scaffold may yield compounds with better anti-cancer activity. and used without further purification. Flash chromatography was performed on silica under argon pressure or on an ISCO CombiFlash Companion instrument and Silicycle 230-400 mesh cartridges. HPLC purification was performed using preparative XTerra Ò Prep RP18 column from Waters (19 mm id · 300 mm, 10 lm pore size). Acetonitrile/water gradient with 0.1% TFA was used as the eluent for all purifications. Mass spectroscopic analysis was preformed using a Agilent Series 1100 MSD HPLC-MS with atmospheric pressure ionization electrospray (API-ES). The colums used were the Agilent Poroshell 300 SB-C18 (2.1 mm id · 75 mm, 5 lm pore size) and the Zorbax 300 SB-C18 (2.1 mm id · 150 mm, 5 lm pore size). NMR's were recorded on Varian 200 or 400 MHz instruments. The de-catenation assay was preformed using a kit from TopoGen, Inc. (Port Orange, FL). 15. Compounds 8-10 were the products of nucleophilic aromatic substitution on 7 under standard conditions. Because the C1 position on 7 was the only site with an activated leaving group for nucleophilic substitution, the structures were verified using HPLC-ESI-MS. The compounds identified were either the starting material 7 or the product 8, 9 or 10. Compounds 11-16 were the products of nucleophilic aromatic substitution on either the 5-methylated or 5-ethylated derivative of 7. Byproducts that were formed were identified with the products by using HPLC-ESI-MS. 3H, s), 2.11 (3H, s) . 17. Synthesis of 5. Triphosgene (0.3182 g, 1.1 mmol) was dissolved in 6 ml freshly dried anhydrous toluene. Compound 4 (0.471 g, 1.6 mmol) was added to anhydrous TEA (0.81 ml, 5.8 mmol) in 9 ml anhydrous toluene and this solution was added dropwise to the triphosgene solution. (0.187 g, 1.0 mmol) in 10 ml fresh anhydrous benzene was heated at 60°C for 1 h. The solution was filtered through a short silica gel column using argon pressure and the column was additionally washed with fresh anhydrous pxylene. The benzene was evaporated and the mixture in residual xylene was heated at 180°C for 12 h. The xylene was removed by evaporation and the residue was fractionated by low pressure chromatography on silica gel with ethyl acetate in hexane using a gradient from 0% to 100% in 30 min. The crude product was purified by second low pressure chromatography on silica gel using diethyl ether in chloroform with a gradient from 0% to 100% in 60 min as the eluant. NMR ( 0 -diamino-N-methyldipropylamine (1 ml, 6.2 mmol) under argon at 150°C for 46 h. The mixture was concentrated and purified by flash chromatography on basic alumina with methanol in chloroform with a 0-5% gradient in 80 min. The mixture was dissolved in 1:1 acetonitrile/water and purified by preparative HPLC on a C18 column using a water/acetonitrile solvent system. The purity of the compound was established by HPLC-ESI-MS. Compounds 9 and 10 were prepared in an analogous manner. 21. Synthesis of 11 and 13. A solution of 7 (0.0062 g, 0.02 mmol) in anhydrous dichloromethane was treated with methyl trifluoromethane sulfonate (2.8 ll, 0.025 mmol) and stirred at room temperature for 24 h, concentrated, and dissolved directly in an excess of N-(3-aminopropyl)-1,3-propanediamine and stirred for 1 h at room temperature. The product was purified by reverse phase preparative HPLC using a C18 column and water/ acetonitrile solvent system. The side product, 13, was isolated from the HPLC separation. The purity of the compounds were established by HPLC-ESI-MS. A similar procedure was used for the preparation of compound 12. 22. Synthesis of 14, 15, and 16. A solution of 7 (0.0055 g, 0.019 mmol) in anhydrous dichloromethane was treated with ethyl trifluoromethanesulfonate (5 ll, 0.039 mmol) and stirred for 160 h at 30°C. Additional 5 ll portions of ethyl trifluoromethanesulfonate and 1 ml portions anhydrous dichloromethane were added every 48 h. The product was concentrated and used directly in a reaction with N-(3-aminopropyl)-1,3-propanediamine (3.2 ll, 0.022 mmol). The mixture dissolved in 1 ml THF was stirred for 1 h at room temperature. The products were separated and purified by reverse phase preparative HPLC using a C18 column and water/acetonitrile solvent system. Compounds 16 and 15 were side products of the reaction. The purity of the compounds was determined by HPLC-ESI-MS.
